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Aiistract

Modern digital ionosondes, with both direction finding and doppler

capabilities can provide large scale pictures of

regions. A morphological framework has been

interpretation of the HF radar data. A large scale

the Spread-F irregularity

developed that allows

irregularity structure is

found to be ni~htward of the dusk terminator, stationary in the solar reference

frame. As the p~asma moves through this “foehn-wall-like” structure It

descends, and irregularities may be generated. Localized upwelllngs, or

bubbles, ❑ay be produced, and they drift with the backcgrou~d plasma. The

s$read-F irregularity region is found to he best characterized as e *“partly

cloudy” sky, due to the patchiness of the substructures.



‘< - ●

.

-3-

Introduction

Since the first observations of Equatorial Spread-F (Booker and Wells,

1938), equatorial ionospheric irregularities have been studied using vertical

incidence ionosondes, VHF radars, radio star and satellite scintillations, and

various in situ techniques. Ionosondes have been used to provide long term.—

statistics on spread-F, but have been too limited to make a major impact upon

spread-F research (see reviews by Kelly and McClure, 1980; and Fejer and

Kelley, 1980).

Modern digital ionosondea, with both echo dlrec~ion finding and doppler

capabilities (Wright and Pitteway, 1979, 1982) can provide large scale pictures

of the spread-F irregularity regions. The mapping of localized regions of

small scale irregularities, and their motion across the sky, indicate that

digital sounders with direction finding (and doppler) capabilities are mc)re

useful during disturbed conditions than undisturbed, becaue~ during these

disturbed }eriods echoes return from other than directly overhead and provide a

more complete mapping of the sky.

This paper will discuss various aspects of Equatorial Spread-F data taken

with the HF radar during the NASA sponsored “CONDOR” Spread-F campaign (March

1983). The HF radar was located at the Instituto de Geofyslca, Huancayo

Observatory, Huancayo, Peru (12:04°S latitude, 0.5°N dip). A morphology of the

~pread-F icnoephere will he provided as a framework for interpreting and

understanding the present data.

1. Ceneral Morphology of Spread-F

F$any reviews have been written on Equatorial Sprearl-F (Kelly ●nd McClure,

1981; Fejer an! K.elley, 1980; Oesakow, 1~81) . We have used theue reviews to

shape a morphological frame work for the interpretation of the HF-radar
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observations which will be preseneed in this report. We will describe our

interpretation of the equatorial spread-F morphology in a manner consistent

with the radar data acquisition capabilities, In this sense this morphology is

incomplete but we hope adequate to the task of interpreting the radar results.

10 Local Scenarios = bottomside- spread ~——

In the post sunset F-layer the background plasma drift is generally

eaatward, at velocities of 100-200 m/s. In the first hour% following sunset

the F-layer (and its plasma) rise at lQ-30m/s. The layer bottom (identified

as hmin) has risen from 200-250 kilometers altitude to greater than 300

kilometers (up to 500km). Within one to three hours after sunset the layer

(and plasma) begin to descend (again at 10-40 m/s) for several hours, untii the

layer bottom has returned to an altitude below --250 kilometers.

As the layer descends bottomside irregularities may be gamerated along the

descendilig portions. This irregularity generation is probably due to localized

conditions, such ●s the vertical plasma density gradie~lcs. One criteria for

the onset of irregularity formation appears to be the initial layer

height-’-many observations indicate a threshold of -340 km. IrreRulariti(.C that

have alreadv been formed may survive after the layer drops below that

threqhold, however,

Bubbtes/Plumen

As the plasma dewc~ndso ●nd bottomslrle @pread-F irregularities are

&eneratedV ~L is possible that nonlocally controlled conditio,a ●uch as field

line integrated conductivitien, background acouetic gravity waves, etc. may

produce “localized” upwellingn --often called bubbles or plumel (Ossakow, 1981).
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These upwellings carry the low den8ity bottomside plasma up to and above the

F-layer peak, creating a cavity of lower density plasma.

These upwellings or hubbies drift generally with the background plasma

eastward at 100-200 m/s. They move therefore relative to the bottomside

spread-F structure --and in fact have been observed completely detached (or

isolated) from that structure (see Argo, 1984; Buchau et al. 1978).

2. Equatorial Spread-F from Various Reference Frames—— .—

Solar

The bottomeide

reference frame, with

(Figs. 1 and 2).

pseudo-standing wave,

spread-F as a structure remains stationary in the solar

the onset approximately one or two hours past sunset

In this frame the bottomside spread-F appears a3 a

with the onset very similar to the meteorological “foehn

wall.” The earth and plasma are rotating relative to the sun and so move by (o1’

through) this structure with velocities of -460 m/s (560+ m/a for the plasma).

The bubbles/plumes also drift relative to this structure.

Earth

The bottomside spread-F structure apveare to move westward at -46n mf~,

●nd no a ground based observer will aee this structure approa~h from the ea8t

(Fig. 3). The plasma drifts eastwara at 100-200 m/s, and substructures such as

buhblen will drift approximately with the plasma. Therefore: doppler

mea:lurement a of the advancing front (“foehll wall”) will show a receding

velocity conpbrable to the plasmu drift.
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Plasma

In a reference frame stationary relative to the horizontal plasma drift,

the observer would see plasma rising at 10-30 m/s, followed by a descending

period (velocities of 10-30 m/s) (Fi&I. 4). Just following the onset of plasma

descent the bottomside spread-F front (“foehn wall”) would approach rapidly

from the east (560+ m/s). In localized regions there would be upwelling

plasma-- these regions may or may not drift slowly eastward or westwurd.

3. ~amic Structure Variations (Substructures and “clouds”).— ——

The previous morphological description has treated the bottomside spread-F

structure as a non-changing feature in the post-munset ionosphere. In fact,

this structure ‘has its own variations, and it will wax and wane with varying

ionospheric conditions. On sotus nights observations indicate the complete lack

of any measurable ionospheric irregularities.

If the bottomside spread-F etructure 1s time varying, it mav possibly not

exist as its usual position approaches from the east, and may in fact he

overhead or west.whrd before bottomside spread-F begins. In this case a ground

based ionosonde would observe th~ npread-F onset to the west, with all

structures driiting eastward, overhead.

Anoth*:r Mccnario may have a portion of the bottonside epread-F atructu~e

su~ttible for onset) bu~ with local condltion~ ahovc a ground based system such

as to not support irregularity generation. In this case a grourd based

lonoeonde might observe the “front” approach, but alno observe it disappear

before it arrivts overhe~d --so no overhead spread-F would be observed on this

glvcll night.
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In any case, inside the overall structure there will be a variety of

substructures: the aforementioned upwellill~s or bubbles, regions of strong

bottomaide irregularities (generated from localized steep gradi=ilts), regions

of no irregularity activity whatsoever, etc. In fact, as we see with the NF

radar (and with spatial measurements from vhf radars; Tsunoda, 1981), the

spread-F ionosphere is probably best characterized as a “partly cloudy” sky.

.
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11. HF Radar Observations

1. Layer Motions @ Spread-F Onsets

Many studies of spread-F onset have been performed in the past (e.g.,

Rastogi 1978; Sastri and Murthy, 1978). The term spread-F originated from the

spread appearance of the F-region trace on ionograms. This spreading occurs as

a result of the numerous returns received by an ionosonde during spread-F

conditions. For the case of the standard ionosonie, it is not poss!ble to

remove the ambiguitfe6 arising in this multiple echo environment since the

echoes may come from virtually anywhere in the sky. We have learned ueing the

directional capability of the HF-radar that Irregularity layers may approach

from eithwr the ekst (usually) or the west, ●nd that these layers are seen when

greater than 150 kilometers (and up to 1/2 hour) away.

Figure 5 shows the composite data for four evenings Of observations,

including three with overhead spread-.F and one without. On each of the nights

that we measured irregularities overhead, at the time the irregularities

arrived overhead the layer was dropping rapidly (12-20+ m/s). In two of these

cases (March 0 14) the irregularity region approached from the east (although

the measured i)oppler velocity indicated an eastward irregularity drift). On

thu third ,ight (March 13) the irregularity region was observed to the west at

0f)15 UT and the irregularities moved eastward until overhead at -0130 UT. Ch~

ear!, day when irregularities were observed to the ea8t, the regio~ appeared

t>verhead in less than one half hour (mean velocit~es -250+ m/s), whereas the

one cane with irregularities moving from the west took langer than one hour

(mtian velocity -60 m/s) to ●rriv~ overhead.

The data presented is conaiatent with the pictute developed in the general

morphology ●ection* The irregularities are generated locally when the layer is

dropping. Subsequent rise, do not damp out the ~rregular~:ies. Although they
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appear to grow less explosively - see March 8. When the irregularity structure

first appears to the east it arrives overhead rapidly, albeit somevhaL slower

than the terminator velocity (460 m/s). Whe\l the irregularities appear to the

west the arrival of the irregular?+ies is much delayed--perhaps beca~l~e they

mow at the plasma horizontal drift v~~locities.

with the fraumwork developed in the morphology section, the initial

appearance of irregularities to the west is interpreted as follows (see

Fig. 6):

1) The conditions for irregulari~y generation are not met at the usual

pos~-sunset time (1900-20f)O),

2) somewhat later the layer begins dropping--but now it is dropping in

the west first,

3) irregularities develop--to the west--and drift overhead wi~h th:

plasma,

4) spread-F (hence irregularity) activity proceeds as normal for

remainder of evening.

An important point to keep it,mind is that hottoroslde spread-F otructure

is nonstatic. Even in the solar frame it is dy;lami~--growing, shrinking,

disappearing and reforming; only the general location remains situated behind

the sunset tenainator.

Layer height opread-F tiset.—

Although the layer vertical motion in a controlling fbctor ~rl the

development of ●pread-F Irregularities, the height of the layer in ●qunlly

imporlanto In the data dimcuaaed in the previous section the irregularity

onset height was cone!etently ●bove 340 km (hmin for the layer at overhead

onset). On one of the seven evenfngs of obaervatione there wag no overhend
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spread-F--on this night the layer bottomside (h ~in) never rose above -310

kilometers (Fig. 5). An irregularity region was observed approaching from the

east, but dissipated before arriving overhead.

2. Spread F Dyi~amics—.

Onset, ?4aturationL and Decay of the Irregularity Layer.— —.

The life cycle of the spread-F irregularity layer, as observed by the

I{F-radar, can be broken into three general stages: 1) onset, 2) maturation, and

3) decay.

Onset:

The onset of irregularities was observed following two general patterns.

In one, the irregularity region IIIOVeS overhead from the east, with local

(overhead) onuet occurring as the F-layer is dropping. The layer bottomside

density gradient has “steepened,” hence more easily supporting any gradient

driven instabilities. During ‘.hlsperiod the irregularities affect primarily

the lower HF frequencies (<4-5 !fHz).

Th*: other pattern appears very similar, except than the irregularity

region has form~d to the wkst. and slowly drifts overhead.

Yatur&tion:

As the irregularity layer remains overhead for longer than one half hour

it appears to thicken (as it drops in altitude), and the spreading affects

hlghcr and higher frequencies (>5-7 MHz). It is during this stage that both

frequency spread and complete spreading occur. Nppler COIIt.OUr maps (~i13. 7)

incllcate that the frequency (and complete) spreading is associated with lar8e

Scalt! structures ❑oving across the field of view (west-to-east). We believe

that theee structures are the often seen bubbles/plumes. Evidence of this is
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the near simultaneity of observation of such a structure by t’heHF radar, and

observation of a plume by the Jicamarca VHF radar (Fig. 8).

Decay:

Itventually the horizontal extent of the measured i’cregularity region

begins to decrease, and the high frequency structure in the ionograms

disappears. The upper limit on the spread ionogram decreases until a quiet-

time ionogram with solely overhead echoes remains.

Motion of Irregularity Region Substructures (Clouds)—

Our morphology strtissed the existence of a large scale stationary (at

least in the solar reference frame) structure of ionospheric

irregularities--through which the F-layer plasma flows. In fact, this large

structure is not likely to be continuous, but rather will be made of medium

scale (tens of kilometers) irregularity regions that are generated where

localized conditions are optimum for irregularity growth. Evidence for these

localized regions has previously been observed in spread-F ionograms (King,

1970), when inside the spread ionogram dominant traces have been recognized.

In addition,using VHF radars Tsulloda (1981) has observed distinct patchiness in

the bottomsfde irrefiularities. His data indfcate that some of these patches

preferentially are involved in the generation of the bubble/plume structures,

The HF-radar also observes these medium scale structures, drfft~ng with

the background plasma (west to east) see Fig. 9. When the echo location plots

are treated as a time history movie thesr structures become very evident--the

irregularity layer takes on the characteristic of time lapse cloud

pfiotography. There is continuous drift of structure on all scales across tht!

rader field of view.
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Bubbles/Plumee via Doppler Contour Flaps

The region of frregularitiea asaoeiated with the bubble/plume should

appear as a dominant feature

structures (see next section)

are seen. This is in part

of ionogram~, and yet except for certain ieolated

there have been .1o aesertionO, that such features

due to shortcomings in the standard ionosonde, in

which echoes from all locatione in the eky are mapped into a virtual range vs

frequency picture--in eeeence losing all epatial information.

Comparison of HF radar data with the Jicamarca VHF radar data, as well ag

detailed analynie of the more complete HF radar ionoRrams does in ‘act ~how

that ionosondes do observe the bubbles as they drift by. Bubbles (or plumes)

have been shown by TsuncRa (1981) to be regions of electron density depletion

(as predicted theoretically by Zalezak and Oseakow, 1980). Ionoeondee observe

plasma depletion regions as structure (or spread) at the upper frequencies of

the ionogrt.a (Paul, et al.,

iono.qpheric bubbleslplumes to be

is in fhct the casie, Fig. 10

1968); therefore we might expect evidence for

evidenced at the nose af the Ionbgram. This

shows ionograma taken at the time JRO observes

plume ~tructures. By isolating the high frequency echoea~ and mapping the time

evolution of their motion, a region of Irregularities is fcund to drLft

west-to-east. It ie thle region that is asmociflterl with the bubble/plume.

The HF radar estimates line of eight T)oppl@r for &ach returned echo by

m~~suring returnud echo phase changun for closely spaced pulses (see more

compl’.t: description in Argo, 1984)~ By uveraglng thuse dop?ler meaouremgnts

over horiznntm,l reglonq of -25 kilomtiter exlent velocity dletributions can he

obthined (Fig. 7). Tf Lhe observed dlsLribution~ are Starked in 25 kilometer

wL(it’ Seer.ionn (exLending east/west, with altit~~den 200-500 km), a spatial

plclure of epread-F can be developed. Dur~ng quiet timen, only the rcglone

dlr:,?tly overhead yield returns; but ●e irregularity reRiona drift through th~
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aky, large scale patterns develop. Figure 7 ie a cc,ntour mep of the poet

sunset tspread-F of March 14, 1983. Thie day was chonen jue to the availability

of simultaneous data with JRO. Note that ae a plume develops in the VHF data

(0200 UT, 2200 LT), a large-scale structure im drifting through the contour

map. These structures are evident on all nights of epread-F activity. Figure

11 a,b chow two more eveningr of doppler contour maps. Unfortunately, on these

nights ne F-layer data from JRO ie available for comparison and verification of

plume identification.

3. Isolated or Detached Structures—. ——

Ionoeondee have indicated the meeence of F-layer structures in the

poet-midnight ionosphere (Buchau, et al. 1978). The HF radar also hag

documented the preeence of ouch structures on at least thres occasions. On two

of theee occaeione the atructurea were observed to move from west to eaet, with

velocities of 150 m/aec and 65 m/ace (ace Argo, 1984). In bet}; caaea, the

Ionograma ahowed the characteristic features of frequency spreading. The high

frequencies were affected first, with lower frequencies affected as ~he regions

moved overhead (figure 12). Investigations of manmade depletions show

ionogrhme remarkably similar to these (Paul, et al., 1968) - the concluslou is

~hnt the drifting regiona contain undcrdenae plasma, much aa a bubblcll.,.lm~

would .

The moat notable feature of these atructurea ia the apparent lack of

connection to any bottomeide irregularities. Either they ●re bubblen gencr~~ed

●arlier in the evening that have outlaated their underlying generation

mechan~am, or they ● re following all unseen energy aourcu. Taunoda (1981)

●atimatea plume decay ratea of 5-18 dll per ten minutes for oue meter ~cale oize

irr~gularitlea. At this decay rate clearly no one meter irregulari~len WOUld
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remain from the pat-sunset bubbles.

co-existence of three meter irregularities

we unfortunately have no e,~ch simultaneous

Buchau ●t ●l. (1978) chow the

(JRO) with their ieolatad region -

data.

Although the overall weet to east motion of the 0600 UT March 8

irregularity reflion is found to be 65 m/eec (figure 13), the dopplcr

measurements indicate a reduced horizontal velocity of between 100 and 240

rnlecc,(depending on aemmptione made). The doppler is obtained from individual

reflectional withi~~ the

irregularities are moving

In the early mornin$

~tructure appea~ to

and then dieappear,

predawn), near the

ieolaterl et.rucLure may

revere~l, ●nd ●ither

altogether.

1110 Conclueione

the

rhe

region, so this result indicatee that the small scale

at 2-4 times tha velocity of the overall structure.

of March 15 (local date), the radar oboerved a

west, remain 200 kilometers ●way for

local time for this ●vent wam

time of plasma d. “=’ reversal. In this

almost one hour,

0500-0600 (just

case a very late

have approached from the west, been otopped by the drift

moved OUL of the radar field of view or dieaipated

A Reneral morphology of spread-F, in which the structure is stationary in

(i nolar reference fr,-me (hence moving in the earth ●nd plasma zeferanf:e

frames), provides a coherent framework for interpreting the HF rwlar data.

Although Lht horizontal motion is constant and eaetvard (-LOO m/net) at IJoJIInut,

the Plummu moves upward, ●nd then downward. Along the downward ecction

localized conclLtions (such ●s v~rlical plaem dennlLy gradientm) •r~ proper for

irrggnlarity generation. Hence small (- term of k[lomrt are) regions of

boLtomnlde irregularities ate produced that drift aaeLward, Ernarmlly with Lhu

plasma drlfL. In addition, nonlocal (yut isolated) conditions (u.R. field llna
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inteRrated conductivitiea) may produce “localized” upwellimgs or bubbles.

Theee upwellinga, which become plaama density depletion, 8100 drift

approximately with the plasma drift, In fact, the opread-F ionosphere 10 beet

characterized as a “partly cloudy” sky,

The HF-radar can provide information on irregularity onset, am well as

subsequent motion of the irregularity structures. In the past, ionosonde

obeetvations have been interpreted as indicating that spread-F irregularities

may onset with the F-layer ●ither rialng or falling. The HF tadnr observations

shw that although echoes from irregularities may be preeent on an ~onogram

during the layer rise, theee echoes mre from a distance of gr~ater than 15fl

kilometers horizontal distance. In fact, in all Caeee 40 irre~ularitieo moved

overhead the layer (overhead) was descending. This fact ie important in

aaseesing generation mechanisms.

In addition, itre8ularity oneet ueually included irr.:gularities from Lhe

●ast, with the mtructure moving rapidly westward; occasionally Lhe echoes

indicate that irregularity onset jd to i.he wear., with the structure following

the plaama drift ●uetward. The second came is interpretcrl as the reeult of

changen in the usual structure of the upr&ad-F regiotl.

Althou8h the plumu/bubble in difficult to ohservu in an individu~l

ionogram, detailed proceoein~ of tlmu nerien of HF rudar ionogrwns dote show

larsu ncale structural moving from west to east. Onu rIiglIl of olmult~nornm

Jicam#rca VHF radar data ~nd lIF radar data has led Lo tentaLivc idenLificaLloll

of thmu structure with the previously observed plumen or bubhlea. Ill facl,

Lhe H? i’adar has observed leolated or de~ached otructnr~- 1’. th~ poot-mld!lluht

ionoophure that have many chararterietiea of

detkchud in the aennu thwl there in no hot

of thu etrucLure.

bubhlun. ‘1’heOe structure are

nmmlde spread-F during Lhe trun~lL
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